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The differential antibody response measured by the commonly used hemagglutination inhibition (HI) and
microneutralization (MN) assays in patients with natural infection and vaccination has not been fully assessed.
HI and conventional MN (CMN) assays were performed on sera from 651 patients with natural infection by
pandemic H1N1 2009 influenza virus and on sera from 567 recipients of the corresponding vaccine. Surpris-
ingly, the overall seroprotection rates determined by CMN and HI assays in vaccine recipients were only 44.8
and 35.1%, respectively. Antibody titers measured by the CMN assay was significantly higher than that
obtained by HI assay in vaccine recipients aged >50 years, but these titers were not significantly different
among younger vaccine recipients. In contrast, the HI titer was greater than the CMN titer for the age group
from 16 to 29 years but was not significantly different in other age groups for natural infection. Lower antibody
levels were found in both naturally infected patients and immunized recipients in the older than in the younger
age groups, but naturally infected patients exhibited higher HI and CMN titers than did the corresponding
vaccine recipients. In addition, we developed a rapid fluorescent focus microneutralization (FFMN) assay to
test sera from naturally infected patients. The FFMN assay has a better correlation with CMN than with HI
(� � 0.810 versus 0.684), which is expected of neutralizing antibody mainly targeted toward the inhibition of
viral entry into cells. The higher antibody level elicited by natural infection than by vaccination may be related
to differences between antigen presentation by the intramuscular route of vaccination and mucosal viral
replication in mucosal cells of the respiratory tract.

The human adaptive immune system reacts to influenza vi-
rus infection or vaccination either via humoral response by
antibody production or cell-mediated response by T and B
lymphocytes. The level of antibody response to influenza virus
is measured by either hemagglutination inhibition (HI) or viral
neutralization assays in most laboratories (9). HI assay has
been considered to be the gold standard for evaluation of
immunogenicity in vaccine studies, with an HI titer of �40
considered as a surrogate marker for protection (11, 42). This
cutoff titer is based on classical studies in the 1970s showing a
correlation between HI titer and protection from infection in
volunteers inoculated with a circulating strain with or without
vaccination (17, 29). However, the HI titer can be affected by
the type of red blood cells (RBC) used in the assay, as a result
of the differential expression of sialic acid receptors on the
surfaces of various RBC, which may affect the binding affinity
(37, 38). The HI titer may also be affected in the serum inac-

tivation steps used in removing nonspecific inhibitors (40).
Furthermore, HI assays cannot identify neutralizing antibodies
that do not inhibit hemagglutination (41). In recent years, viral
microneutralization (MN) assay has become a routine test to
measure antibody levels in acute infection, cross-reactivity, and
vaccine responses (15, 16, 32). This functional assay directly
measures the ability of serum antibody to protect cells from
cytopathic infection in vitro without involving RBC as a signal
and can detect neutralizing antibodies that do not inhibit hem-
agglutination. Consequently, MN assays are considered more
sensitive than the HI assay (2, 12, 32). However, the HI assay
is still commonly used in most serological surveys since it is
easy to perform. The correlation between HI and MN titer is
not well characterized, especially in the setting of the pandemic
H1N1 2009 influenza. Discrepancies have been found in dif-
ferent reports. In a previous study involving infected patients,
it was found that the MN and HI geometric mean titer (GMT)
were similar (7), whereas another report has shown that the
MN GMT was higher than the HI GMT for preexisting cross-
reactive antibody (16).

We therefore performed a concurrent evaluation of the
HI and MN assays in patients with natural infection and in
vaccine recipients. For conventional MN (CMN) assays, cy-
topathic effect is used as the endpoint, but this approach is
time-consuming. We modified this assay using monoclonal
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antibody (MAb) to detect nucleoprotein, which indicates
viral entry and antigen expression and does not rely on the
observation of a cytopathic effect. To this end, we have
developed a rapid fluorescent focus microneutralization
(FFMN) assay with a multiplicity of infection (MOI) of 1 to
examine viral nucleoprotein expression at 6 h after viral
inoculation using indirect immunofluorescent staining of in-
fected cells, and we evaluated this test in patients with
natural infection.

MATERIALS AND METHODS

Participants. Patients with natural infection were randomly selected from
those who suffered from pandemic H1N1 2009 influenza virus infection con-
firmed by either reverse transcriptase PCR or viral culture and donated their
convalescent plasma for the treatment of patients with severe pandemic influ-
enza (18, 19, 49). The vaccine recipients received a monovalent, split-virus,
inactivated, nonadjuvanted vaccine containing 15 �g of hemagglutinin of influ-
enza A/California/07/2009 (H1N1) virus (Panenza; Sanofi Pasteur, France). All
blood samples were taken within 243 days after vaccination or symptom onset in
natural infection. The present study was approved by the Institutional Review
Board of the Hospital Authority of Hong Kong.

HI assay. The HI assay was carried out in 96-well microtiter plates after
removal of nonspecific inhibitors in the serum with receptor-destroying enzyme
(RDE; 1:3 [Denka Seiken Co., Ltd., Tokyo, Japan]), incubated overnight at 37°C,
and heat inactivated at 56°C for 30 min. Serial 2-fold dilutions of RDE-treated
serum from 1:10 were mixed with four hemagglutinin units of the pandemic
H1N1 A/HK/415742/2009 virus, followed by incubation at room temperature for
1 h. Next, 0.5% turkey erythrocytes were added to the serum-virus mixture,
followed by further incubation at room temperature for 30 min.

CMN assay. The CMN assay for the pandemic H1N1 A/HK/415742/2009 was
carried out in microtiter plates with neutralization of the virus cytopathic effect
as the endpoint in Madin-Darby canine kidney (MDCK) cells according to a
previously described method (19). Briefly, serial serum dilutions in duplicate
started from 1:10 were mixed with 100 50% tissue culture infective doses for
2 h at 37°C and added to MDCK cells. At 1 h after infection, the serum-virus
mixtures were removed, and serum-free minimal essential medium with 2 �g
of TPCK (L-1-tosylamide-2-phenylethyl chloromethyl ketone)-treated trypsin
(TPCK-Trypsin; Sigma Immunochemical)/ml was added to each well. The
plates were incubated for either 3 or 4 days at 37°C, and the cytopathic effect

was observed in order to determine the highest serum dilution that protected
�50% of the cells from cytopathology in these wells. Positive and negative
control sera and virus back titration to confirm the viral inoculum were
included in each assay.

Production of MAbs against the conserved nucleoprotein of influenza A virus.
The preparation of MAb against nucleoprotein of influenza virus A H1N1 WSN
strain was performed as previously described, with some modifications (30, 50).
Briefly, BALB/c mice were first immunized intraperitoneally with 10 �g of
recombinant nucleoprotein of influenza A virus, and were then given five boost-
ers of the same doses of nucleoprotein of influenza A virus at 10-day intervals.
Three days after a final booster with 100 �g of nucleoprotein, the splenocytes
were fused with NS-1 myeloma cells (ATCC TIB-18). The hybridoma cell lines
were screened for the production of antibodies against recombinant protein by
enzyme-linked immunosorbent assay. Positive hybridoma cells were cloned by
limiting dilution. The isotype of each MAb was determined by the use of a
commercially available mouse MAb isotyping kit (Zymed Laboratories, Carls-
bad, CA). The preparation of ascitic fluid and purification of MAb AN5 was
described previously (50).

FFMN assay. The infection procedure was similar to the CMN assay as
described above except that the infection dose and the infection time were 1
MOI and 6 h, respectively. The seeded cells were then fixed in chilled acetone
and methanol (1:1) at �20°C for 10 min and stained with MAb (AN5) against
influenza A virus nucleoprotein at 37°C for 45 min. This was followed by the
addition of goat anti-mouse fluorescein-labeled conjugate (Millipore, California)
and further incubation at 37°C for 45 min. The percentage of positive cells was
examined, and the FFMN titer was taken as the highest serum dilution at which
the percentage of fluorescent foci gave a 50% reduction compared to virus only
control (Fig. 1) (47).

Statistical analysis. Statistical analysis was performed using SPSS software
(version 17.0) for Windows. The gender ratios and seroprotection rates between
naturally infected patients and vaccine recipients were compared by using the �2

test. Antibody titers were expressed as the GMT. HI or MN titers below the limit
of detection were arbitrarily assigned a value of 5. All statistical calculation
involving the GMT was performed with log-transformed titers. MN and HI titers
from the same patient group were compared by using the Wilcoxon signed-rank
test, while antibody titers between naturally infected patients and vaccine recip-
ients were compared by using the Mann-Whitney U test. Correlation between
age and antibody titer, and of the antibody titer between different assays, were
assessed by using Spearman’s rank correlation coefficient test. A P value of �0.05
was considered statistically significant.

FIG. 1. FFMN assay. (A) Influenza virus-infected MDCK cells without neutralizing antibody show fluorescent foci in the nuclei of �80% of
the cells (MOI � 1). (B) Image showing 50% inhibition of fluorescent foci. (C) Image showing 100% inhibition of fluorescent foci.
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RESULTS

The demographics of the 651 patients with natural infection
and 567 vaccine recipients are shown in Table 1. There was no
significant difference in gender ratio in age sectors between 16
and 59 years. The antibody level was not available for the
naturally infected individuals older than 60 years since none of
them came back for convalescent plasma donation. Therefore,
in subsequent analyses of the antibody titers comparing be-
tween natural infection and vaccination, only patients in the
same age group were compared.

Antibody levels measured by CMN and HI were well corre-
lated for both patients with natural infection (� � 0.596, P �
0.001) (Fig. 2A) and vaccine recipients (� � 0.726, P � 0.001)
(Fig. 2B). For the natural infection group, we also determined
the neutralizing antibody titer by FFMN assay, and there was
better correlation between FFMN and CMN (� � 0.810, P �
0.001) (Fig. 3A) than between FFMN and HI (� � 0.684, P �
0.001) (Fig. 3B). For the natural infection cohort, the HI GMT

was significantly higher than the CMN GMT for the 16- to
29-year-old group, but no significant differences were found
in the other age groups (Fig. 4). Conversely, in the vaccine
recipients, the CMN GMT was higher than the HI GMT for
all age groups and statistically significant for those 50 years
old or older. A lower antibody titer was associated with
older age for both infected patients and vaccine recipients
(Table 2).

The antibody titers in naturally infected patients and vaccine
recipients were compared for subjects 16 to 59 years old (Table
3). Significantly higher CMN and HI GMTs were found in
naturally infected patients, except for the CMN GMT for the
age group from 16 to 29 years. The seroprotection rate was also
significantly higher in naturally infected patients than in vac-
cine recipients (Table 4). In vaccine recipients of all age
groups, the overall seroprotection rates were determined to be
44.8 and 35.1% by the CMN and HI assays, respectively,
whereas the seroprotection rates for those 16 to 59 years old
after natural infection were determined to be 90.0 and 86.0%
by the CMN and HI assays, respectively.

There were 57 patients with natural infection for which
paired sera were available, collected at medians of 33 days
(range, 24 to 74 days) and 333 days (range, 275 to 385 days) for
the first and second titers, respectively (Table 5). Less than
10% of the patients had antibody levels reduced by 4-fold, as
measured by the CMN or HI assay.

DISCUSSION

This study characterized antibody response to influenza vi-
rus in individuals after natural infection or vaccination by using
HI and MN assays. The 2009 pandemic influenza provided a
unique opportunity for assessing the immune response to
influenza virus as most individuals, especially the younger
population, do not have preexisting cross-reactive antibod-
ies (16, 25).

For vaccine recipients, the GMT of CMN was higher than
that of HI for all age groups but was statistically significant only

TABLE 1. Demographics of naturally infected patients and
vaccine recipients

Parameter Naturally infected
patients Vaccine recipients

No. (%) of 16- to 59-yr-old
femalesa

331 (50.8) 116 (52.0)

No. of individuals per age
group (yr)

16–29 382 15
30–39 133 21
40–49 100 74
50–59 36 113
60–69 0 112
70–79 0 181
80–89 0 51

Total 651 567

a P � 0.762.

FIG. 2. Correlation of antibody titers determined by CMN and HI assays in naturally infected patients (A) and vaccine recipients (B).
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for the older age groups (�50 years). This is consistent with a
seasonal H1N1 vaccine study conducted in which neutralizing,
but nonhemagglutinating antibody was more often found in
the elderly population (31). Conversely, for patients with nat-
ural infection, the GMT of HI was higher than that of CMN in
the 16- to 29-year-old age group, but there were no significant
differences in the other age groups. There are several expla-
nations for the differences between the CMN and HI titers.
Antibodies that neutralize virus may not inhibit hemagglutina-
tion and hence are not detected by the HI assay. These include
neutralizing antibodies targeting the stem region of the hem-
agglutinin (3, 10, 41, 45), the neuraminidase (26, 27, 39), or the
M2 ectodomain (46). On the other hand, some antibodies that
inhibit hemagglutination may not have viral neutralizing activ-
ity (4) and therefore are not detected by the CMN assay.
Furthermore, for the HI assay, virus strains and the host source
of the RBC can affect the binding avidity. Finally, there are
nonspecific inhibitors of hemagglutination in the human sera,

designated �, 	, and 
 (33). Removal of these inhibitors are
required during the HI assay but not during the MN assay (1).
Since the 	 and 
 inhibitors may also have neutralizing
activity, some of the neutralizing activity may be related to
these factors.

The antibody titer was higher in naturally infected patients
than in vaccine recipients, independent of the method of mea-
surement. During a natural infection, live virus first infects and
replicates at the mucosal surface, triggering both local and
systemic immune response. Local humoral immunity is char-
acterized by increased mucosal and secretory IgA, which is not
present in individuals vaccinated via the intramuscular route.
In addition to local infection, live virus can also disseminate
systemically and can be found in the gut or in the blood (43,
44). In a recent study, similar peak levels of MN titer were
found in patients with pandemic 2009 H1N1 infection or vac-
cine recipients (23). However, the sample size was small, and
only military personnel aged between 18 and 28 were recruited
in the study. For the similar age group in the present study, no
significant difference in antibody level to the pandemic H1N1
virus between infected patients and vaccine recipients was de-
tected by the CMN assay.

For both infected patients and vaccine recipients, we have
observed a trend toward lower antibody titer in older age
groups, which is similar to the findings of another study per-
formed in Hong Kong (25). A meta-analysis by Goodwin et al.

FIG. 4. Differences between the antibody responses measured by
the HI and CMN assays.

FIG. 3. Correlation of antibody titers in naturally infected patients. (A) Correlation between FFMN and CMN assays; (B) correlation between
FFMN and HI assays.

TABLE 2. Spearman correlation between age and antibody titer

Comparison

Spearman correlationa

Naturally infected
patients

Vaccine recipients
(up to age 59 yr)

Age vs log HI (�) –0.206* –0.147†
Age vs log CMN (�) –0.098† –0.140†
Age vs log FFMN (�) –0.122* NA

a �, P � 0.01; †, P � 0.05. NA, not applicable.
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showed that the elderly have a lower rate of seroconversion
compared to younger populations (13), and a recent analysis of
breakthrough pandemic H1N1 infection in vaccinated individ-
uals found that age was the only significant risk factor in mul-
tivariate analysis (48). It is known that the antibody response in
the elderly is suboptimal, including poorer IgG response
against both protein and polysaccharide antigens (34).

In the present study, the seroprotection rate after vaccina-
tion was lower than those reported in the initial clinical trials
with a single dose or two doses of the pandemic H1N1 mon-
ovalent vaccine (15, 28, 51). Poor immunogenicity has also
been reported in studies involving young healthcare workers
and in the elderly (8, 20). In Hong Kong, the pandemic influ-
enza vaccine was given as a single dose, and this may explain
the relatively low seroprotection rate in the population in the
present study. Several studies have shown the benefit of a
second booster dose (22), but this was disputed in another
study (8). Irrespective of its efficacy compared to previous
seasonal vaccines, even a lower HI or MN titer could be asso-
ciated with decreased disease severity and mortality if such
vaccine recipients get infected.

In the naturally infected patients for whom paired sera were
available, only 3.5 and 7% of patients, respectively, had a
decline of antibody titer of �4-fold, as measured by CMN and
HI assays. This is consistent with studies reporting long-lasting
antibody levels in patients after influenza virus infection (35).
The long persistence of antibody may be related to the pro-
longed circulation of antibody-secreting cells (21).

We have found good correlation between the two neutral-
ization assays. The main advantage of FFMN over CMN is the
much shorter time for neutralization result, because FFMN is
based on viral entry and nucleoprotein expression at MOI of 1
but not on viral cytopathology associated with many complete
cycles of viral replication. A previous study on avian influenza
virus examined nucleoprotein expression after an 18-h incuba-
tion period (32), but these researchers used a much lower viral

inoculum that therefore requires viral replication to achieve
infection of all cells. In our study, we used a much larger
inoculum which required no viral replication but depended on
viral entry only and therefore could shorten the incubation
time to 6 h. It is known that a viral neutralization assay may
have poor interlaboratory reproducibility (36). Whether
FFMN reduces this variability may merit further investigation.

There are several limitations in the present study. We do
not have data for antibody response in naturally infected
patients �60 or those aged �15 years old. The elderly are
important since they are the most vulnerable to severe in-
fluenza virus infection (24). Children and adolescents are
disproportionately affected by pandemic influenza because
they lack cross-reactive antibodies (16). The antibody re-
sponse in these age groups will provide insights into the
level of protection after natural infection. Another limita-
tion is that there were relatively few vaccine recipients in the
younger age groups because they were not included as a
targeted at-risk group in the pandemic H1N1 vaccine pro-
gram of Hong Kong. Third, we do not have paired archive
sera in vaccine recipients, and this prevented analysis of the
change in antibody titers in this population. Finally, we do
not have the information of the prior vaccination history of
the naturally infected patients or vaccine recipients. A study
in Taiwan has shown that children who received seasonal
influenza vaccine prior to the pandemic influenza vaccine
have a lower seroconversion rate (6).

The concept of a protective level of HI antibody originated
from studies in the 1970s (29). Although commonly used as a
surrogate marker of protection in vaccine studies, there have
not been any formal studies on the level of MN titer and
protection. Recently, lower MN titer after vaccination have
been reported to be associated with failure of protection from

TABLE 4. Seroprotection rate after natural infection or vaccination

Age
group
(yr)

CMN � 40 HI � 40

Seroprotection (%)

P

Seroprotection (%)

PNatural
infection Vaccination Natural

infection Vaccination

16–29 91.9 53.8 �0.001 90.3 60.0 0.003
30–39 84.2 47.6 0.001 78.2 47.6 0.003
40–49 91.0 44.6 �0.001 86.0 45.9 �0.001
50–59 88.9 38.9 �0.001 69.4 32.7 �0.001

TABLE 3. Difference in antibody titer between natural infection and vaccinationa

Age group (yr)

CMN assay HI assay

GMT (95% CI)
P

GMT (95% CI)
P

Natural infection Vaccination Natural infection Vaccination

16–29 78.42 (72.34–85.01) 43.87 (19.10–100.79) 0.135 99.82 (90.21–110.46) 38.19 (15.18–96.12) 0.043
30–39 61.65 (54.15–70.19) 41.34 (20.64–82.81) 0.046 67.36 (53.33–80.55) 30.72 (14.42–65.44) 0.022
40–49 67.27 (58.56–77.28) 34.11 (25.06–46.43) �0.001 66.35 (55.30–79.60) 28.55 (19.14–42.58) �0.001
50–59 61.10 (47.47–78.64) 29.98 (23.39–38.47) �0.001 59.93 (40.58–88.51) 19.40 (14.98–25.11) �0.001

a CI, confidence interval.

TABLE 5. Difference in antibody level in 57 patients with
natural infectiona

Change
Antibody level (%)

CMN assay HI assay

Reduction by 4-fold 2 (3.5) 4 (7.0)
Reduction by 2-fold 13 (22.8) 9 (15.8)
No difference 18 (31.6) 23 (40.4)
Increase by 2-fold 15 (26.3) 14 (24.6)
Increase by 4-fold 3 (5.3) 6 (10.5)
Increase by 8-fold 5 (8.8) 0 (0)
Increase by 16-fold 1 (1.8) 1 (1.8)

a The first and second titers were collected at medians of 33 days (range, 24 to
74 days) and 333 days (range, 275 to 385 days) after symptom onset.
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2009 influenza A virus (H1N1) (23). We demonstrated here
significant differences in antibody titer measured by HI and
MN assay, which is especially apparent in vaccine recipients.
The difference in the subtype of the antibody can be important.
For pandemic influenza, a lower IgG2 level correlates with
more severe infection (5, 14). Further studies are required to
understand the functional differences in antibodies with dis-
crepant neutralizing and hemagglutination-inhibiting prop-
erties.
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